Objective-The pathogenic role of macrophage apoptosis in atherosclerosis is still debatable, but it is considered to be a suppressor of plaque progression in early stages but a promoter of plaque necrosis in advanced stages. Apoptosis signal-regulating kinase 1 (ASK1) is a mitogen-activated protein kinase kinase kinase that plays a pivotal role in stress-induced apoptosis. In the current study, we investigated the functions of ASK1 in hyperlipidemia-induced atherosclerosis. Methods and Results-We generated ASK1 and apolipoprotein E (apoE) double-knockout mice (ASK1 Ϫ/Ϫ / apoE Ϫ/Ϫ ) and analyzed atherosclerosis in ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice fed a high-cholesterol diet for 12 weeks. ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice had accelerated hyperlipidemia-induced atherosclerosis, which was characterized by less apoptosis of macrophages and fewer necrotic areas, and more macrophages and elastolysis compared with apoE Ϫ/Ϫ mice. Bone marrow transplantation from ASK1 Ϫ/Ϫ or wild-type to apoE Ϫ/Ϫ mice confirmed the above observation that the recipient mice of ASK1 Ϫ/Ϫ donors had more pronounced hyperlipidemia-induced atherosclerosis than recipient mice of wild-type donors. Conclusion-These findings suggest that ASK1 suppresses hyperlipidemia-induced atherosclerosis via increased macrophage apoptosis and that ASK1 may cause pronounced plaque vulnerability via necrotic core development.
I t has been previously reported that cells undergoing apoptosis are evident in atherosclerotic lesions. These cells include macrophages, smooth muscle cells (SMCs), and endothelial cells. 1, 2 The majority of apoptotic cells are macrophages that aggregate in plaques or around necrotic cores. 3 It was also previously shown that apoptotic macrophages suppress plaque progression in early lesions because macrophage apoptosis reduces cellularity by phagocytotic clearance, a process known as efferocytosis. 4, 5 Actually, fewer apoptotic macrophages in the proapoptotic protein Bax-null (Bax Ϫ/Ϫ ) mouse group caused the increase in atherosclerotic lesion size, 6 and additionally, macrophages in the tumor suppressor protein p53-null (p53 Ϫ/Ϫ ) mice led to enhance atherosclerosis associated with a decrease in apoptosis. 7 Moreover, using mice deficient in the apoptosis inhibitor of macrophages (AIM) (also called Sp␣ or Api6), AIM and low-density lipoprotein receptor double-knockout mice (AIM Ϫ/Ϫ /LDL receptor Ϫ/Ϫ ) macrophages were more susceptible to oxidized lowdensity lipoprotein (LDL)-induced apoptosis, and AIM Ϫ/Ϫ /LDL receptor Ϫ/Ϫ mice exhibited a significant reduction in early atherosclerotic lesions. 8 Conversely, when efferocytosis becomes insufficient, apoptosis of macrophages promotes the development of necrotic cores, which are evident in advanced lesions. 4, 5 Other previous studies revealed that macrophages from mice with a heterozygous mutation in the cholesterol trafficking protein Nieman-Pick C (Npc1) were protected from apoptosis induced by unesterified cholesterol, namely endoplasmic reticulum (ER) stress pathway, and Npc1 ϩ/Ϫ /apolipoprotein E (apoE) Ϫ/Ϫ mice showed a marked reduction in plaque necrosis development. 9 Besides, reconstitution with bone marrow transplanta-tion (BMT) from mice deficient in signal transducer and activator of transcription-1, which is necessary for ER stress-mediated macrophage apoptosis, also demonstrated a similar reduction in macrophage apoptosis and plaque necrosis. 10 Therefore, macrophage apoptosis may be a key parameter of plaque development and ruptures. 11, 12 However, the role of apoptosis in the initiation and progression of atherosclerosis is still debatable.
Apoptosis signal-regulating kinase 1 (ASK1), which is a mitogen-activated protein kinase kinase kinase family member, is activated through distinct mechanisms in response to various cytotoxic stressors, such as oxidative stress mediated by hydrogen peroxide (H 2 O 2 ) and ER stress, and by immune system mediators, such as tumor necrosis factor, interleukin-1, and Fas ligands. 13, 14 ASK1 activates the c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase signaling pathways, which then activate intrinsic apoptosis signaling through mitochondria-dependent caspase activation. Recent studies have shown that the size of myocardial infarction in ASK1-deficient (ASK1 Ϫ/Ϫ ) mice is significantly reduced compared with wild-type (WT) mice in ischemia-reperfusion injury models. 15 ASK1 Ϫ/Ϫ mice are also less responsive to left ventricular remodeling, which can be caused by angiotensin II infusion, myocardial infarction, and pressure-overload stimulation, 16, 17 suggesting that ASK1 Ϫ/Ϫ cardiomyocytes have a high resistance to H 2 O 2 or Ca 2ϩ -induced apoptotic cell death. 15, 17 In addition, ASK1 overexpressing transgenic mice exhibit increased cardiomyocyte apoptosis in ischemia-reperfusion injury compared with WT mice. 18 These data indicate that ASK1 plays a pivotal role in the regulation of cardiomyocyte apoptosis.
However, little is known about the relationship between ASK1-induced macrophage apoptosis and hyperlipidemia-induced atherosclerosis. In the current study, we generated ASK1-and apoE-deficient (apoE Ϫ/Ϫ ) double-knockout (ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ ) mice and examined the roles of ASK1 in hyperlipidemia-induced atherosclerosis.
Materials and Methods

Animals
The experiments were performed on young, male, C57BL/6 WT, ASK1 Ϫ/Ϫ , 14 apoE Ϫ/Ϫ , and ASK1 and apoE doubleknockout (ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ ) mice weighing 20 to 25 g. At 8 weeks of age, mice were started on a high-cholesterol diet (HcD) for 12 weeks. The diet included 1.25% cholesterol, 15% lard, and 0.5% sodium cholate (Oriental Yeast Co, Tokyo, Japan). 19 
BMT
Bone marrow (5ϫ10 6 cells) obtained from the femurs of the desired donor mice (WT or ASK1 Ϫ/Ϫ ) were transplanted into whole-body-irradiated (9 Gy from a cesium ␥ source) recipients (8-week-old male apoE Ϫ/Ϫ ). Three weeks after the BMT, all recipient mice were fed an HcD for 12 weeks. 20
Quantitative Assessment of HcD-Induced Atherosclerosis
After the mice were euthanized, the aortas were removed and immediately fixed with phosphate-buffered formalin.
After grossly measuring atherosclerotic lesions with Oil Red O stain, the whole aortas were processed for paraffin sectioning for histological examination, described previously. 19 -21 The specimens from aortic root to abdominal aorta were thoroughly examined by preparing sequential 2500 cross sections in 4 m thickness for hematoxylin and eosin or immunohistochemical and elastica van Gieson stainings. Of each 20 serial sections, at least 2 sections were stained with hematoxylin and eosin or elastica van Gieson stainings to observe atherosclerosis and elastolysis. For quantitative analysis, images of the sequential sections were captured and the intimal lesion area or percentage of elastolysis was evaluated by a NanoZoomer Digital Pathology Virtual Slide Viewer (Hamamatsu Photonics Corp, Hamamatsu, Japan). These indices were quantified by averaging all measurements counted in an individual mouse. 21 Aortic lesions were characterized according to atherosclerotic severity, and classified as 1 of 3 stages: (1) early lesions, containing only foam cells; (2) moderate lesions, consisting primarily of macrophage foam cells and some SMCs in the intima; (3) advanced lesions, containing large extracellular cholesterol clefts or lipid cores and occasionally exhibiting disruption in the coherence of the media and thick layers of fibrous connective tissue. The number of lesions of each atherosclerotic stage was quantified for each individual mouse, and these distributions were expressed as a percentage of total lesions counted. Evaluations of severity were made blinded to the animal group. To calculate the necrotic proportion to intima, we measured the necrotic area, including the acellular area, such as cholesterol crystals in the sequential sections.
Immunohistochemistry
More than 5 animals from each group were analyzed, and each representative section was prepared for immunohistochemical staining. 19 -22 To detect the number of macrophages and SMCs in intimal lesions, we used anti-mouse Mac-2 monoclonal antibody (1:500, Cedarlane Laboratories Ltd, Burlington, Ontario, Canada) for macrophages and monoclonal mouse anti-human smooth muscle actin (␣-SMA) antibody (1:1000; Dako Cytomation, Tokyo, Japan) for SMCs. To analyze apoptotic or antiapoptotic activity of infiltrating cells in atherosclerotic lesions, anti-cleaved caspase-3 rabbit monoclonal antibody (1:25, Epitomics, Inc) and anti-bcl-2 mouse monoclonal antibody (1:50, Santa Cruz Biotechnology, Inc) were applied. This anticaspase-3 antibody specifically detects the large fragment (17 kDa) of activated caspase-3. For evaluation of ASK1 and matrix metalloproteinase (MMP)-9 expression in the atheromatous plaque, we used rabbit anti-ASK1 polyclonal antibody (1:50, Santa Cruz Biotechnology, Inc) and goat anti-mouse MMP-9 polyclonal antibody (1:5, R&D Systems, Inc).
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) and Real-Time RT-PCR
Total RNAs were extracted with Trizol reagents (Invitrogen, Carlsbad, CA) from entire aortas from mice euthanized after 12 weeks of an HcD. All procedures were performed as described in our previous reports. 19, 23 RNasefree conditions to prevent the degradation of mRNA. First-strand cDNA was synthesized with Superscript II RT (Invitrogen) using random primers, according to the manufacturer's instructions. After cDNA was synthesized, expression of ASK1 and apoE were analyzed by RT-PCR, and quantitative real-time RT-PCR was performed using the TaqMan fluorogenic probe method with an ABI PRISM 7000 PCR machine (Perkin-Elmer Applied Biosystems, Foster, CA). The pairs of specific primers for RT-PCR are summarized in Supplemental Table I , available online at http://atvb.ahajournals.org. The cycling conditions were as follows: 50°C for 2 minutes, 95°C for 10 minutes, followed by 45 cycles of 95°C for 15 seconds and 60°C for 1 minute. The threshold cycle (C T ) values were measured corresponding to the cycle number at which the fluorescent emission, monitored in real time, reached a threshold of 10 SD above the mean baseline from cycles 1 to 15. Serial 1:10 dilutions of plasmid DNA containing each target cDNA were analyzed and served as standard curves from which we determined the rate of change of threshold cycle values. Copy numbers of the target cDNA were estimated by standard curves. All the reactions for the samples were performed in triplicate. The data were averaged from the values obtained in each reaction. To determine the mRNA levels of various genes, an mRNA expression index was used, which is an mRNA expression level standardized by 18S rRNA. The mRNA expression index was calculated as follows in arbitrary units (AU): mRNA expression indexϭCopy numbers of target gene mRNA/Copy numbers of 18S rRNAϫ1 AU.
Casein Zymography
For zymography, 30 g of protein, extracted from mouse aortas after 12 weeks of an HcD, was mixed with SDS sample buffer without reducing agent and loaded onto a 10% SDSpolyacrylamide gel containing 0.1% casein. Digestion bands were captured by using an Olympus Camedia E-10 digital camera. 21
Preparation of Peritoneal Macrophages
Peritoneal macrophages from 8-week-old mice fed a normal chow diet were isolated by peritoneal lavage with ice-cold PBS, 3 days after intraperitoneal injection of 2.5 mL of 4.05% (wt/vol) sterile thioglycolate medium (Becton Dickinson). 19, 24 The cells were washed with PBS to use thioglycolate-elicited macrophages and were cultured at a density of 3ϫ10 5 cells/cm 2 in DMEM containing 10% fetal bovine serum (Gibco, Grand Island, NY), 1% penicillinstreptomycin (Gibco), and 2 mmol/L glutamine (Gibco). After being cultured overnight, floating cells (most were red blood cells and neutrophils) were removed by washing with PBS. Adherent cells (peritoneal macrophages) were maintained in the medium and plated onto 9 cm dishes (Nunclon Surface, Roskilde, Denmark) for mRNA and protein extraction, or onto 2-well glass slides for terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining. For protein extraction and TUNEL staining, peritoneal macrophages isolated from apoE Ϫ/Ϫ and ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice were incubated for 17 hours with medium alone as a control or with medium containing acetyl-LDL (100 g/mL, Molecular Probes, Inc, Eugene, OR) and the Acyl-CoA:cholesterol acyltransferase inhibitor 58035 (10 g/mL, Sigma-Aldrich) for free cholesterol (FC) loading, or medium containing tunicamycin (2.5 g/mL, Sigma-Aldrich), an ER-stress inducer, as previously described. 10, 25 For TUNEL staining, cells were fixed in 95% acetone for 30 seconds at room temperature, permeabilized in 0.1% Triton X-100 for 2 minutes at 4°C, stained with a TUNEL reaction mixture (Roche Applied Science) for 30 minutes at room temperature, and incubated with Hoechst 33258 (0.5 g/mL, Dojindo, Kumamoto, Japan) and propidium iodide (PI) (5 g/mL, Sigma-Aldrich) for fluorescence double staining. Cells were then observed and photographed immediately with a Nikon Eclipse E600 inverted fluorescence microscope. Three to 6 representative fields (Ϸ1000 cells) were counted for the number of TUNEL-positive (green) cells, PI-positive (red-orange) cells, and total cells. Thereby, the number of apoptotic macrophages was expressed as a percentage of the total number of cells. We performed more than 3 experiments, independently.
5-Bromo-2-Deoxyuridine and TUNEL Staining
To label proliferating cells in the intimal lesion, 5Ј-bromo-2Ј-deoxyuridine (50 mg/kg body weight, Sigma-Aldrich, St. Louis, MO) was injected 1 day before euthanization, and 5Ј-bromo-2Ј-deoxyuridine-incorporated cells were detected by immunohistochemistry using a monoclonal mouse anti-5Јbromo-2Ј-deoxyuridine antibody (Roche Applied Science, Lewes, United Kingdom). To detect the number of apoptotic cells in vivo and in vitro, TUNEL assays were performed using an In Situ Cell Death Detection Kit, POD (Roche Applied Science). 22
Statistical Analysis
Results are expressed as meanϮSE. Statistical significance was analyzed using the Student t test or Mann-Whitney test analysis, where appropriate. A value of PϽ0.05 was considered to be statistically significant.
Results
Alterations of Body Weight and Serum Lipoprotein Levels
To investigate the role of ASK1 in atherosclerosis, ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice were generated (Supplemental Figure IA ). Body weights of the apoE Ϫ/Ϫ and ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice increased noticeably more slowly compared with the WT and ASK1 Ϫ/Ϫ mice during the 12 weeks after the commencement of feeding at 8 weeks of age. However, there was no significant difference in the body weight between the apoE Ϫ/Ϫ mice and the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice (Supplemental Figure IB) .
The serum lipoprotein levels in both apoE Ϫ/Ϫ and ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice fed a HcD for 12 weeks were increased in total cholesterol, very-low-density lipoprotein, and LDL cholesterols and were decreased in high-density lipoprotein cholesterol and triglycerides (Supplemental Figure IC and ID). No significant differences were found between any of the lipoprotein levels in apoE Ϫ/Ϫ and ASK1 Ϫ/ ϪapoE Ϫ/Ϫ mice. After BMT, the serum lipoprotein levels in both the apoE Ϫ/Ϫ mice from ASK1 Ϫ/Ϫ donors and WT donors, after being fed a HcD for 12 weeks, were more modestly increased in total cholesterol, very-lowdensity lipoprotein, and LDL cholesterols, compared with those in the non-BMT models, and were decreased in high-density lipoprotein cholesterol and triglycerides (Supplemental Figure IIA and IIB) . No significant differences were found between the lipoprotein levels of these 2 groups.
En Face and Histological Evaluation of Aortas From Non-BMT Mice
En face quantitative analysis of Oil Red O-stained aortas demonstrated that the atherosclerotic areas were significantly increased in the ASK1 Ϫ/Ϫ / apoE Ϫ/Ϫ mice fed a HcD for 9 weeks (apoE Ϫ/Ϫ mice 11.7Ϯ1.0% versus ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice 18.6Ϯ 3.3%; PϽ0.05) or 12 weeks (apoE Ϫ/Ϫ mice 22.0Ϯ1.1% versus ASK1 Ϫ / Ϫ /apoE Ϫ / Ϫ mice 32.1Ϯ2.2%; PϽ0.001) compared with atherosclerotic areas in apoE Ϫ/Ϫ mice ( Figure 1A) .
As shown in Figure 1B , quantitative analysis of sequential sections of atherosclerotic aortas demonstrated that the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice developed significantly larger intimal lesions than the apoE Ϫ/Ϫ mice fed a HcD for 12 weeks (apoE Ϫ/Ϫ mice 25.8Ϯ2.3ϫ10 3 m 2 versus ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice 59.6Ϯ5.5ϫ10 3 m 2 ; PϽ0.0001), but not at 9 weeks (apoE Ϫ/Ϫ mice 16.7Ϯ2.3ϫ10 3 m 2 versus ASK1 Ϫ/Ϫ / apoE Ϫ/Ϫ mice 19.1Ϯ2.6ϫ10 3 m 2 ).
Histological and Immunohistochemical Analysis of Advanced Atherosclerotic Aortas in Non-BMT Mice
As shown in Figure 2A , advanced atheromatous areas in the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice were significantly larger than those in the apoE Ϫ/Ϫ mice at 12 weeks (apoE Ϫ/Ϫ mice 41.0Ϯ3.3% versus ASK1 Ϫ/Ϫ / apoE Ϫ/Ϫ mice 55.4Ϯ4.7%; PϽ0.05) but not at 9 weeks (apoE Ϫ/Ϫ mice 9.7Ϯ1.1% versus ASK1 Ϫ/Ϫ / apoE Ϫ/Ϫ mice 13.7Ϯ1.6%). Despite that, the proportion of necrotic area to intima was more significantly decreased in the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice (8.1Ϯ0.5%) than that in the apoE Ϫ/Ϫ mice (12.6Ϯ1.3%) at 12 weeks (PϽ0.05; Figure 2C ).
Immunohistochemistry ( Figure 2B ) demonstrated that the Mac-2-positive macrophages were increased in number (7.6Ϯ0.7 per 0.01 mm 2 ) in atherosclerotic lesions of ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice compared with the number of Mac-2-positive macrophages in the apoE Ϫ/Ϫ mice fed a HcD for 12 weeks (5.3Ϯ0.5 per 0.01 mm 2 ; PϽ0.001). However, ␣-SMA-positive SMCs showed no significant differences between the 2 groups of mice (apoE Ϫ/Ϫ mice 2.3Ϯ0.2 per 0.01 mm 2 versus ASK1 Ϫ/Ϫ / apoE Ϫ/Ϫ mice 2.4Ϯ0.2 per 0.01 mm 2 ). None of the vascular cells in the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice had expression of ASK1, whereas the intimal macrophages and medial SMCs in apoE Ϫ/Ϫ mice were positive for ASK1. The number of Mac-2-positive macrophages and ␣-SMA-positive SMCs was not significantly different between the 2 groups of mice at 9 weeks (data not shown).
Analysis of Apoptosis in Advanced Atherosclerotic Aortas of Non-BMT Mice
Although a very small number of apoptotic cells was observed in both groups of mice, the percentage of TUNEL-positive macrophages was significantly lower in the ASK1 Ϫ/Ϫ / apoE Ϫ/Ϫ mice (0.24Ϯ0.05%) than in the apoE Ϫ/Ϫ mice (0.43Ϯ0.10%) (PϽ0.05), as shown in Figure 3A . In contrast, TUNEL-positive SMCs were not significantly different between the 2 groups (apoE Ϫ/Ϫ mice 0.20Ϯ0.07% versus ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice 0.11Ϯ0.03%). Furthermore, the percentage of caspase-3-positive areas in the intimal lesions was significantly decreased in the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice (24.2Ϯ1.6%) compared with those in the apoE Ϫ/Ϫ mice (30.9Ϯ1.8%) (PϽ0.001; Figure 3B ). Conversely, the percentage of antiapoptotic, bcl-2-positive cells in atherosclerotic lesions was significantly higher in the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice than in the apoE Ϫ/Ϫ mice (apoE Ϫ/Ϫ mice 18.3Ϯ2.7% versus ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice 30.6Ϯ2.9%) (PϽ0.05; Figure 3C ). Most of these bcl-2-positive cells could be identified as macrophages. In addition, real-time RT-PCR demonstrated that the expression of caspase-3 (PϽ0.05) was significantly decreased that and the expression of bcl-2 (PϽ0.0001) was significantly increased in the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice compared with the apoE Ϫ/Ϫ mice ( Figure 3D ). These results supported the immunohistochemical observations above.
Elastolysis and MMP Expression in Advanced Atherosclerotic Aortas of Non-BMT Mice
The expression of MMP-9 was highly enhanced in the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice. Immunohistochemistry demonstrated much stronger expression of MMP-9, especially in foamy macrophages, in the atheroscle- rotic lesions of ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice than the apoE Ϫ/Ϫ mice ( Figure 4A ). In the real-time RT-PCR analysis, the expression of various MMPs, including MMP-2, -9, -12, and -13 was markedly increased in the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice compared with the apoE Ϫ/Ϫ mice (PϽ0.05, except for MMP-9, PϽ0.001). The expression level of MMP-3 was not significantly different between the 2 groups.
Next, the disruption of the elastic lamina was investigated by elastica van Gieson staining ( Figure 4B) . The results revealed a more progressive elastolysis of the internal elastic lamina in the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice (percentage of elastolysis, 12.8Ϯ1.7%) than in the apoE Ϫ/Ϫ mice (7.1Ϯ1.8%) at 12 weeks (PϽ0.05). Corresponding to the increased elastolysis, the zymography result showed significantly higher caseinolytic activities in the atherosclerotic aortas of ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice. However, these analyses showed no significant differences between the 2 groups at 9 weeks (data not shown).
ER Stress-and FC Loading-Induced Apoptosis in Peritoneal Macrophages
The nuclear morphology of macrophages was observed following double staining with PI (red) and Hoechst 33258 (blue), and TUNEL-positive apoptotic cells (green) were also analyzed in the same fields ( Figure 5 ). Only a few apoptotic cells were detected in untreated macrophages (apoE Ϫ/Ϫ 1.9Ϯ0.26% versus ASK1 Ϫ/Ϫ / apoE Ϫ/Ϫ 1.7Ϯ0.16%). However, after stimulation with tunicamycin or acetyl-LDL and 58035 (FC loading) alone, the numbers of apoptotic macrophages were increased. When the cells were incubated with both tunicamycin and FC loading, the apoptotic macrophage count was further increased. The apoptotic cell counts, however, were significantly reduced in the ASK1 Ϫ/Ϫ / apoE Ϫ/Ϫ mice compared with the apoE Ϫ/Ϫ mice in all the experimental conditions. TUNEL staining was also carried out on WT and ASK1 Ϫ/Ϫ mice peritoneal macrophages. ASK1 Ϫ/Ϫ mice had a significantly smaller number of TUNELpositive cells compared with WT mice after they were treated with tunicamycin (WT 6.7Ϯ0.5% versus ASK1 Ϫ/Ϫ 5.0Ϯ0.4%; PϽ0.05), FC loading (WT 13.1Ϯ0.7% versus ASK1 Ϫ/Ϫ 8.6Ϯ1.1%; PϽ0.05), and FC loading and tunicamycin (WT 32.5Ϯ1.9% versus ASK1 Ϫ/Ϫ 21.3Ϯ1.6%; PϽ0.001) (data not shown), respectively. In contrast, there was no significant difference between WT and apoE Ϫ/Ϫ macrophages with regard to ER stress-or FC loadinginduced apoptosis. These results indicate that ASK1 Ϫ/Ϫ or ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice have fewer apoptosing macrophages.
En Face, Histological, and Immunohistochemical Analysis of BMT Mice
Oil Red O staining demonstrated that the atherosclerotic areas were significantly increased in the apoE Ϫ/Ϫ mice after BMT from ASK1 Ϫ/Ϫ donors (18.2Ϯ2.1%) compared with those from WT donors (11.7Ϯ2.8%) (PϽ0.05; Figure 6A ). Similarly, BMT mice from ASK1 Ϫ/Ϫ donors developed significantly larger intimal lesion areas (11.1Ϯ1.6ϫ10 3 m 2 ) than those from WT donors (5.7Ϯ1.1ϫ10 3 m 2 ; PϽ0.05) ( Figure 6B ). In immunohistochemical analysis, the percentages of Mac-2-positive macrophages (WT donors 10.0Ϯ3.8 per 0.01 mm 2 versus ASK1 Ϫ/Ϫ donors 10.6Ϯ3.2 per 0.01 mm 2 ) and ␣-SMA-positive SMCs (WT donors 6.3Ϯ2.3 per 0.01 mm 2 versus ASK1 Ϫ/Ϫ donors 6.8Ϯ1.8 per 0.01 mm 2 ) in intimal lesions were not significantly different between the 2 mouse groups ( Figure 6C ). The atherosclerotic intimal areas in the BMT model mice were significantly smaller and predominantly composed of moderate, but not advanced, lesions without necrosis, compared with those in non-BMT model mice. In addition, these intimal macrophages were positive for ASK1 in BMT mice from WT donors, but not from ASK1 Ϫ/Ϫ donors ( Figure 6D ). In contrast, medial SMCs in both groups of BMT mice were focally and weakly positive for ASK1.
Discussion
The present study demonstrates a pivotal role of ASK1 in hyperlipidemia-induced atherosclerosis, as both non-BMT-ASK1 Ϫ / Ϫ /apoE Ϫ / Ϫ and BMT-ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice have accelerated hyperlipidemia-induced atherosclerosis after feeding with HcD for 12 weeks (Figures 1 and 6) . Compared with the apoE Ϫ/Ϫ mice, the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice showed proatherogenic profiles (Figures 1 and 2) , including manifestations of more macrophage-rich lesions, smaller necrotic cores, and faster atherosclerosis progression, in addition to suppression of apoptosis in macrophages (Figures 2 and 3) . Therefore, the rapid progression of macrophage-rich and lessnecrotic-core atherosclerosis in these mice may be attributed to the suppression of apoptosis in macrophages. At the molecular level, the inhibition of macrophage apoptosis was due to a decrease in caspase-3 and an increase in bcl-2 expression ( Figure  3) , thus supporting the aforementioned results. Actually, although there are multiple substrates affected by JNK, the ASK1/JNK pathway is partly responsible for the cell cycle-related inactivation of bcl-2 by phosphorylation. Thus, dominant-negative ASK1 effectively interferes with bcl-2 phosphorylation and enhances activation of bcl-2, 26 which makes cells from the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice resistant to apoptosis. However, there are a few reports on the roles of ASK1-induced apoptosis in hyperlipidemiainduced atherosclerosis.
We previously revealed that bone marrow-derived progenitor cell migration into the intima is critical for initiation and progression of atherosclerosis in histamine-deficient or apoE Ϫ/Ϫ mice by demonstrating recruitment of green fluorescent protein-positive monocytes/macrophages. 20 Similarly, the current BMT study using the ASK1 Ϫ/Ϫ to apoE Ϫ/Ϫ mice ( Figure 6 ) confirmed the results obtained from the non-BMT-ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice (Figure 1) , in which the migrated ASK1 Ϫ/Ϫ macrophages alone played a crucial role in hyperlipidemia-induced atherosclerosis. Our in vitro examination confirmed this result, because ER stress-and FC loading-induced apoptosis was markedly attenuated in cultured peritoneal macrophages obtained from ASK1 Ϫ/Ϫ / apoE Ϫ/Ϫ mice ( Figure 5 ). Therefore, the results in the present study indicate that ASK1 expression, especially in the intimal macrophages, is crucially responsible for various antiatherogenic effects, even though ASK1 is ubiquitously expressed by multiple cell types in the vasculature (Figure 2) . These findings are, thus, consistent with the hypothesis that the increase in macrophage apoptosis promote the development of necrotic cores in the advanced atherosclerotic lesions. 5,9 -12 From another viewpoint, the rapid development of macrophage-rich atherosclerosis may be attributed to larger macrophage cell numbers, in addition to sup-pression of apoptosis. A previous study showed that elastolysis by MMP-12 plays critical roles in the migration of macrophages and the progression of hyperlipidemia-induced atherosclerosis in MMP-12 transgenic rabbits. 21 In the present study, upregulation of MMP-2, 9, 12, and 13 expression and prominent elastolysis in the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice (Figure 4 ) led us to also consider the importance of the functions of MMPs in this model. These results suggest that macrophage-rich atherosclerosis in the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ mice is at least partially attributed to enhanced migration and recruitment of macrophages/ monocytes through the actions of MMPs. The expression of several other inflammatory factors, including Toll-like receptor-3 and Toll-like receptor-4, signal transducer and activator of transcription-1, tumor necrosis factor-␣, CD54 ,and CD106, also revealed significant differences between the ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ and apoE Ϫ/Ϫ mice (Supplemental Figure IV) .
Recent studies have shown that JNK and p38 mitogen-activated protein kinase, downstream of Figure 6 . En face, histological, and immunohistochemical analysis of BMT mice. A, En face analysis showed that the percentage of the Oil Red O-positive atherosclerotic area was increased in apoE Ϫ/Ϫ with BMT from ASK1 Ϫ/Ϫ donors than from WT donors. KO indicates knockout. B, Quantitative analysis demonstrated that the intimal lesion area was larger in apoE Ϫ/Ϫ from ASK1 Ϫ/Ϫ donors than from WT donors. C, The percentages of Mac-2-positive macrophages and ␣-SMA-positive SMCs were not significantly different between the 2 groups of mice. D, Immunohistochemical analysis showed that intimal macrophages in apoE Ϫ/Ϫ with BMT from WT donors were positive for ASK1, whereas those from ASK1 Ϫ/Ϫ donors demonstrated negative expression. Original magnification ϫ200 (B and C), ϫ400 (D); scale barsϭ100 m. *PϽ0.05. ASK1 signaling, play important roles in activator protein-1 activation, 27 and that the p38 mitogen-activated protein kinase cascade regulates MMP-9 expression. 28 Our previous studies also showed active roles of MMPs via the AP-1 site in atherosclerosis. 21, 29, 30 The present study, under conditions of ASK1 deficiency, demonstrates that JNK and p38 signals were consequently decreased in both cultured and aortic macrophages, whereas the AP-1 genes c-Jun and c-Fos were upregulated (Supplemental Figure III) , indicating that the signal to stimulate expression of MMPs differs from that of ASK1/JNK/ p38 in this model. Because ASK1 is situated in an important upstream position for many signal transduction pathways, ASK1 deficiency suppresses many signals required for cell survival and apoptosis. 31 Therefore, MMPs might be upregulated via a compensatory mechanism(s) to control AP-1 in these ASK1 Ϫ/Ϫ /apoE Ϫ/Ϫ animals.
Conclusion
The present findings indicate that suppressed macrophage apoptosis accelerates macrophage-rich atherosclerosis, coincident with less necrosis. Conversely, ASK1 signaling may reduce macrophage-rich atherosclerosis and enhance necrotic core formation via the stimulation of macrophage apoptosis, and this may cause plaque vulnerability via necrotic core development.
